Several rabbit proarrhythmia models have been developed using genetic or pharmacological methods to suppress the slow component of delayed rectifier K + currents in the ventricle, leading to reduction of the repolarization reserve. Here we have characterized a novel rabbit in vivo proarrhythmia model with severe bradycardia caused by acute atrioventricular block (AVB).
Introduction
Drug-induced prolongation of the cardiac QT interval is often associated with the onset of Torsade de Pointes (TdP), resulting in a life-threatening ventricular arrhythmia (Frommeyer and Eckardt, 2016) . Most of the drugs that induce TdP have been shown to potently inhibit the rapid component of delayed rectifier K + currents (I Kr ), carried by K v 11.1 channels. This inhibition leads to marked prolongation of the ventricular repolarization (Frommeyer and Eckardt, 2016) . It has been suggested that early afterdepolarizations (EADs) and triggered activity occur due to excessive QT-interval prolongation, which is followed by EAD-related TdP arrhythmias and deterioration into ventricular fibrillation. Recently, in vivo proarrhythmia models in animals have been developed to detect the arrhythmogenic potential of compounds during pre-clinical assessments (Thomsen et al., 2006a; Sugiyama, 2008) , because the degree of repolarization prolongation does not necessarily correlate with subsequent ventricular arrhythmia development. Among them, the rabbit proarrhythmia model was first established by Carlsson et al. in 1990 for investigating the development of TdP in vivo. In this model, the α 1 -adrenoceptor agonist methoxamine is given i.v. to increase intracellular Ca 2+ concentration, leading to increased triggered activity and increased susceptibility to ventricular arrhythmias (Carlsson et al., 1990; Carlsson, 2008) . Recently, other rabbit proarrhythmia models have been developed using genetic or pharmacological methods to suppress the slow component of the delayed rectifier K + currents (I Ks ), leading to reduction of the repolarization reserve, due to the redundant nature of myocardial repolarization capacity (Roden, 1998; Husti et al., 2015; Major et al., 2016) . In the normal rabbit heart, whose sinoatrial rate is usually 200-300 beats min
À1
in vivo, contribution of the I Ks to the ventricular repolarization may be higher than that in human, because the slow deactivation kinetics of I Ks allows it to accumulate at higher frequencies (Stengl et al., 2003) . The present study was designed to create and characterize a newly developed proarrhythmia rabbit model with severe bradycardia, which is expected to exhibit reduced repolarization reserve due to smaller contribution of I Ks (Biliczki et al., 2002) . Bradycardia was induced by atrioventricular block (AVB) using catheter ablation, and experiments were performed within 5 h after inducing the AVB (acute AVB). The procedure is essentially different from the well-established experimental system, using a canine proarrhythmia model of chronic AVB, which requires ≥4 weeks of remodelling after the AVB (Vos et al., 1998; Sugiyama et al., 2002) .
Methods
All animal care and experimental procedures were approved by Toho University Animal Care and User Committee (approval number: 15-55-130) , and all efforts were made to minimize suffering. Animal studies are reported in compliance with the ARRIVE guidelines (Kilkenny et al., 2010; McGrath and Lilley, 2015) . A total of 36 male New Zealand White rabbits were obtained from Sankyo Labo Service (Tokyo, Japan), and six rabbits were used in each of six experimental groups. The exact group size (n) for each experimental group is provided in the figure legends, where 'n' refers to independent values, not replicates. Rabbits were randomly assigned across experimental groups. The experimental animals were young adults (16.1 ± 0.3 weeks old, approximately 3 kg). Rabbits were individually housed in stainless steel rabbit cages on a 12 h light (8:00-20:00 h)-dark (20:00-8:00 h) cycle and were kept at standard temperature (23 ± 1°C) and relative humidity (50-60%). Food and water were provided ad libitum. New Zealand White rabbits are widely used for pharmacological studies; moreover, the species and strain have previously been used in cardiac safety pharmacology studies of QT interval-prolonging drugs.
General procedures
Male New Zealand White rabbits were initially anaesthetized with ketamine hydrochloride (35 mg·kg À1 , i.m.) and xylazine hydrochloride (5 mg·kg À1 , i.m.). After tracheal intubation, 1.5% isoflurane vaporized with 100% oxygen was inhaled with a ventilator (SN-480-5; Shinano, Tokyo, Japan). The tidal volume and respiratory rate were set at 6 mL·kg À1 and 40 strokes min À1 respectively. The right femoral artery was cannulated with a heparinized catheter (100 U·mL
À1
) for measurement of the blood pressure (BP). The surface lead II electrocardiogram (ECG) was continuously monitored using a polygraph system (RMP-6008; Nihon Kohden, Tokyo, Japan).
Production of complete AVB
For production of complete AVB, catheter ablation was carried out as described previously (Takahara et al., 2006; Hagiwara et al., 2016) . A quad-polar electrode catheter with a tip of 1 mm (6 Fr, D6DR252RT; Biosense Webster, Diamond Bar, CA, USA) was inserted through the left femoral vein and positioned at the tricuspid valve by watching the bipolar electrograms from the distal electrode pair. The optimal site for the atrioventricular node ablation, namely, the compact atrioventricular node, was determined on the basis of the intracardiac electrogram, in which a very small His deflection was recorded. The power source for atrioventricular node ablation was an electrosurgical generator (SL-1PR; Semco, Tokyo, Japan) delivering continuous unmodulated radiofrequency energy at a frequency of 500 kHz. After proper positioning, the radiofrequency energy of 20 W was delivered for 5-10 s from the tip electrode to the return electrode positioned under the animal's back. The endpoint of this procedure was the development of the complete AVB with an onset of stable idioventricular escaped rhythm. The ventricle was electrically driven with a stimulator (SEC-4103; Nihon Kohden) at 60 beats min À1 throughout the experiment except when extrasystole appeared. The stimulation pulses were rectangular in shape, of 2 V (approximately twice the threshold voltage) and 3 ms duration. After the production of AVB, stabilization periods of 0.5-3 h were needed to recover from hypotension or faster idioventricular rhythm (>60 beats min À1 ). another series of animals. Each drug was infused over 10 min, except for amiodarone, which was administered over 30 s, as previously reported (Sugiyama et al., 2001a) . Each data of the BP, ECG and MAP 90 was obtained from the mean of three recordings, which was assessed 5, 10, 15, 20, 25 and 30 min after the low-and middle-dose administration and 5, 10, 15, 20, 25, 30, 40, 50 and 60 min after the high-dose administration. After termination of the last recordings, an overdose of sodium pentobarbital was administered i.v. to the anaesthetised animal. TdP was defined as a polymorphic ventricular tachycardia, where the QRS complex twisted around the baseline for five or more consecutive beats. Ventricular tachycardia was defined as lasting greater than or equal to five consecutive beats. Premature ventricular contraction with R on T phenomenon was defined by prematurity index (Adgey, 1983) , which was calculated by dividing the coupling interval of the premature ventricular contraction (RR 0 ) by the QT interval of the preceding normally conducted beat (=RR 0 /QT). A premature ventricular contraction with a prematurity index of <1 was considered to represent the R on T phenomenon. Premature ventricular contractions with R on T phenomenon, associated with EAD-induced triggered activity, have been known to be able to initiate the development of TdP when transmural dispersion of repolarization is exaggerated (Yan et al., 2001 ).
Beat-to-beat analysis
For assessment of instability of the ventricular repolarization, the MAP 90 of 31 consecutive beats was measured before and immediately after complete infusion of a drug (or before induction of the first TdP) (Takahara et al., 2006; Hagiwara et al., 2016) . Poincaré plots of MAP 90 (n) versus MAP 90 (n + 1) were prepared for each analysis time point. The mean orthogonal distance from the diagonal to the points of the Poincaré plot was determined as short-term variability (STV) (=Σ| MAP 90 (n + 1) À MAP 90 (n) |/[30 × √2]). Conversely, the mean distance to the mean of the parameter parallel to the diagonal of the Poincaré plot was determined as long-term variability (LTV) (=Σ| MAP 90 (n + 1) + MAP 90 (n) À2MAP 90 (mean) |/[30 × √2]).
Anaesthetized methoxamine-sensitized rabbit model
The anaesthetized methoxamine-sensitized rabbit model (Carlsson et al., 1990) ) was started. After 10 min, dofetilide (1, 10 and 100 μg·kg À1 ) was infused concomitantly using the same administration protocol for the acute AVB rabbit. Corrected QT interval was calculated using a formula developed for rabbits [QTc = QT À 0.175 × (RR À 300)] (Carlsson et al., 1993; Varkevisser et al., 2015) .
Data and statistical analysis
The data and statistical analysis comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2015) . The raw data were assessed independently by two co-authors to ensure the correctness of conclusions. Blinding was not used since all the measurements were not subjective but strictly quantitative data. Data are presented as the means ± SEM. Statistical data analysis was carried out using SuperANOVA (ver. 1.11; Abacus Concepts, Inc., Berkeley, CA, USA) or GraphPad Prism (ver. 6.01; GraphPad Software, Inc., La Jolla, CA, USA). The statistical significances within a parameter were evaluated by one-way repeated-measures ANOVA followed by contrasts for mean value comparison to compare each of a number of treatments with a pre-drug control. The statistical significances of parameters between models were evaluated by two-way ANOVA followed by post hoc Bonferroni's test. A P-value <0.05 was considered significant. per min. Heparin sodium, ketamine hydrochloride, xylazine hydrochloride and isoflurane were purchased from AY Pharmaceuticals (Tokyo, Japan), Daiichi Sankyo (Tokyo, Japan), Bayer Yakuhin (Tokyo, Japan) and Mylan Seiyaku (Osaka, Japan), respectively.
Materials

Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www. guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Southan et al., 2016) , and are permanently archived in the Concise Guide to PHARMACOLOGY 2015/16 (Alexander et al., 2015a,b,c) . Figure 1 shows typical tracings of dofetilide-induced TdP arrhythmias in the acute AVB rabbit, obtained after the infusion of 10 μg·kg À1 . The arrhythmias followed a premature ventricular contraction that occurred during the preceding T wave, known as R on T phenomenon. The time courses of onset of arrhythmias after the administration of dofetilide and amiodarone as well as their haemodynamic and electrophysiological effects are summarized in Figure 2 . In the dofetilide group (n = 6), premature ventricular contractions with R on T phenomenon were observed in three out of six animals at the low dose, five out of six animals at the middle dose and all animals at the high dose. Episodes of TdP were detected in four out of six animals at the middle dose and five out of six animals at the high dose. In the amiodarone group (n = 6), neither premature ventricular contractions with R on T phenomenon nor episode of TdP was observed during the observation period. As shown in Figure 2B , the QT interval and MAP 90 were prolonged by dofetilide and amiodarone. The extent of prolongation of the QT interval and MAP 90 by dofetilide were greater than those by amiodarone. Dofetilide and amiodarone decreased the atrial rate.
Results
Comparison of torsadogenic action of antiarrhythmic drugs
Comparison of torsadogenic action of antimicrobial drugs ). The arrhythmias followed a premature ventricular contraction that occurred during the preceding T wave.
The time courses of onset of arrhythmias after the administration of sparfloxacin and moxifloxacin as well as their haemodynamic and electrophysiological effects are and atrial rate. In the dofetilide group (left panels), the pre-drug control value (C) of the QT interval, MAP 90 , MBP and atrial rate was 285 ± 14, 240 ± 12 ms, 45 ± 2 mmHg and 249 ± 12 beats min À1 , respectively, whereas that in the amiodarone group (right panels) was 316 ± 20, 259 ± 16 ms, 37 ± 3 mmHg and 220 ± 9 beats min À1 , respectively. In the dofetilide group, the QT interval and MAP 90 were significantly prolonged at the dose of 10 and 100 μg·kg À1 . The maximal changes in the MAP 90 at 1, 10 and 100 μg·kg À1 from pre-drug control value (C) were +48 ± 6, +214 ± 46 and +214 ± 51 ms, respectively. The maximal changes in the experimental group receiving amiodarone at 0.3, 3 and 10 mg·kg À1 were +34 ± 5, +52 ± 5 and +63 ± 12 ms, respectively. Data are presented as mean ± SEM. The filled symbols represent significant differences (P < 0.05) from each pre-drug control value (C).
Drug-induced TdP in acute AVB rabbit BJP summarized in Figure 4 . In the sparfloxacin group (n = 6), premature ventricular contractions with R on T phenomenon were observed in three out of six animals at the low dose and four out of six animals at the high dose. Episodes of TdP were detected in three out of six animals at the high dose, and one animal died after the latest TdP that degenerated into ventricular fibrillation. In the moxifloxacin group (n = 6), one premature ventricular contraction with R on T phenomenon was observed in one out of six animals at the high dose. As shown in Figure 4B , the QT interval and MAP 90 were prolonged by sparfloxacin and moxifloxacin in a dose-dependent manner. The prolongation of the QT interval and MAP 90 by sparfloxacin was greater than those induced by moxifloxacin. Sparfloxacin and moxifloxacin decreased the atrial rate.
Effects of antiarrhythmic and antimicrobial drugs on beat-to-beat variability of ventricular repolarization
Typical examples of effects of dofetilide, amiodarone, sparfloxacin and moxifloxacin on the Poincaré plots of the MAP 90 are shown in Figure 5 ; the beat-to-beat variability of the MAP 90 before and after the drug administration was summarized in Table 1 . No significant change in the STV was detected after the administration of dofetilide or amiodarone. However, the STV after the administration of dofetilide at the dose of 100 μg·kg À1 was greater than its control values in some animals, although not signficantly overall. Sparfloxacin and moxifloxacin significantly increased the STV at the high dose, which were accompanied with significant prolongation of the MAP 90 .
Torsadogenic activity of haloperidol Figure 6A shows typical tracings of haloperidol-induced TdP arrhythmias in the acute AVB rabbit, which was observed after the administration of 3 mg·kg À1 . The arrhythmias followed a premature ventricular contraction that occurred during the preceding T wave. The time courses of onset of arrhythmias after the administration of haloperidol as well as its haemodynamic and electrophysiological effects (n = 6) are summarized in Figure 6B . Premature ventricular contractions with R on T phenomenon were observed in one out of six animals at the middle dose and four out of six animals at the high dose. Episode of TdP were observed in one out of six animals at the middle or high dose. The QT interval and MAP 90 were prolonged by haloperidol in a Figure 6C , whereas the beat-to-beat variability of the MAP 90 before and after the drug administration was summarized in Table 2 . Haloperidol at the high dose significantly increased the STV, which were accompanied with significant prolongation of the MAP 90 . The extent of increase of the STV by haloperidol was greater than those observed in the amiodarone or moxifloxacin group.
Relationship between induction of TdP and effects on the beat-to-beat variability of ventricular repolarization , mean BP (MBP) and atrial rate. In the sparfloxacin group (left panels), the pre-drug control value (C) of the QT interval, MAP 90 , MBP and atrial rate was 303 ± 18, 252 ± 23 ms, 45 ± 3 mmHg and 249 ± 10 beats min À1 , respectively, whereas that in the moxifloxacin group (right panels) was 297 ± 12, 239 ± 18 ms, 35 ± 3 mmHg and 236 ± 8 beats min À1 , respectively. In the sparfloxacin group, the QT interval and MAP 90
were significantly prolonged at the dose of 3 and 30 mg·kg À1 . The maximal changes in the MAP 90 at 3 and 30 mg·kg À1 from pre-drug control value (C) were +83 ± 7 and +232 ± 21 ms, respectively. The maximal changes in the experimental group receiving moxifloxacin at 3 and 30 mg·kg À1 were +30 ± 9 and +143 ± 8 ms, respectively. Data are presented as mean ± SEM. The filled symbols represent significant differences (P < 0.05) from each pre-drug control value (C).
Drug-induced TdP in acute AVB rabbit BJP moxifloxacin and haloperidol) in TdP-inducible rabbits (n = 10) were compared with those in TdP non-inducible rabbits (n = 20) ( Table 3) . The STV at the first dose (prolongation of MAP 90 by +15-20%) significantly increased only in the TdP inducible rabbit, whereas significant increment of STV was detected at the second dose (appearance of initial TdP) in the TdP non-inducible rabbit.
Anaesthetized methoxamine-sensitized rabbit model
The time courses of onset of arrhythmias after the administration of dofetilide as well as their haemodynamic and electrophysiological effects in the anaesthetized methoxamine-sensitized rabbits (n = 6) are summarized in Figure 7A , B. No premature ventricular contractions with R on T phenomenon were observed at the low dose, whereas they appeared in four out of six animals at the middle and high dose. Episodes of TdP were detected in three out of six animals at the middle dose, and one animal died after the latest TdP that degenerated into ventricular fibrillation. At the high dose, episodes of TdP were detected in two out of six animals. The QT interval and MAP 90 were prolonged by dofetilide in a dose-dependent manner. The second-degree AVB with a 2:1 ratio was observed in all animals at the high dose due to excess prolongation of the QT interval. Frequency of premature ventricular contractions with R on T phenomenon and episodes of TdP during the observation period in the methoxamine-sensitized rabbit is summarized in Table 4 , which was significantly less than that in the acute AVB rabbit receiving the same doses of dofetilide, as assessed in this study (Figure 2 ). Typical results of the effects of dofetilide on the Poincaré plots of the MAP 90 in the anaesthetized methoxaminesensitized rabbit are shown in Figure 7C ; the beat-to-beat variability of the MAP 90 before and after the drug administration is summarized in Table 5 . Dofetilide Figure 5 Typical examples of effects of dofetilide, amiodarone, sparfloxacin and moxifloxacin on the Poincaré plots of the MAP 90 in the acute AVB rabbit. Thirty-one beats were plotted for each of the four analysis time points, before and after the administration of dofetilide (1, 10 and 100 μg·kg À1 ) or amiodarone (0.3, 3 and 10 mg·kg À1 ), and each of the three analysis time points, before and after the administration of sparfloxacin (3 and 30-mg·kg À1 ) or moxifloxacin (3 and 30 mg·kg À1 ). A schematic diagram is shown in the lower right panel. The mean orthogonal distance from the diagonal to the points of the Poincaré plot is determined as STV. Conversely, the mean distance to the mean of the parameter parallel to the diagonal of the Poincaré plot is determined as LTV. TdP(+), TdP arrhythmias developed in the animal; TdP(À), TdP arrhythmia was not developed in the animal.
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significantly increased the STV at the high dose accompanied with significant prolongation of the MAP 90 .
Discussion
We assessed the proarrhythmic effects of dofetilide, amiodarone, sparfloxacin, moxifloxacin and haloperidol in the acute AVB rabbit. Because their clinically relevant doses have been reported to be 1-10 μg·kg À1 , 3 mg·kg À1 , 3 mg·kg À1 , 3 mg·kg À1 and 0.03-0.3 mg·kg À1 , as an i.v. administration, respectively (Satoh et al., 1999 Sugiyama et al., 2001a,b; Matsuo et al., 2013) , the current experiments were carried out at therapeutic to supra-therapeutic dose ranges. In this study, dofetilide and sparfloxacin could induce TdP arrhythmias with high reproducibility, whereas neither amiodarone nor moxifloxacin induced such arrhythmias even in the condition of prolonged QT interval. As shown in Figures 1 and 3 , the lethal arrhythmias appeared repeatedly and were accompanied with the QT interval prolongation and EAD-like phenomena. In our recent studies using acute AVB rabbits, drug-induced TdP could be similarly observed after the administration of a class III antiarrhythmic drug, nifekalant, and atypical antipsychotic drugs, risperidone and paliperidone (Hagiwara et al., 2015 (Hagiwara et al., , 2016 . These results suggest that the acute AVB rabbit model may be useful in detecting drugs with a torsadogenic action. As shown in Figures 2 and 4 , the QT interval of the acute AVB rabbit at pre-drug control was around 300 ms during ventricular pacing at 60 beats min À1 , which was longer than action potential duration (APD) of the isolated papillary muscle from rabbits that was electrically driven at 1 Hz (APD 90 = 150 ms; Nakaya et al., 1993) . Also, the QT interval of the acute AVB rabbit was longer than that of normal rabbits (139-192 ms), those receiving α 1 -adrenoceptor agonist (131-163 ms), transgenic LQT1 rabbits (241 ms), LQT2 rabbits (264 ms) or LQT5 rabbits (140 ms) during sinus rhythm (200-250 beats min À1 ) without AVB (Carlsson et al., 1992; Lu et al., 2001a; Brunner et al., 2008; Hagiwara et al., 2015; Major et al., 2016) . The sensitivity of the heart to QTinterval prolonging drugs is modified by the contribution of I Ks in the repolarization phase (Jost et al., 2005; So et al., 2006) , whereas the density of I Ks in the isolated ventricular myocytes from rabbits is lower than those from other species like guinea pigs (Lu et al., 2001b) . In addition, I Ks in the ventricle is accumulated in a frequency-dependent manner in the presence of β 1 -adrenoceptor stimulation (Stengl et al., 2003; Nissen et al., 2012) . Moreover, anaesthetic concentrations of isoflurane have been reported to inhibit I Ks in guinea pig ventricular myocytes (Suzuki et al., 2003) . Thus, the greater bradycardia caused by acute AVB in vivo might reduce contribution of I Ks to ventricular repolarization, leading to a prolonged QT interval, in conjunction with reduction of repolarization reserve (Roden, 1998 ) in this animal model. To confirm the utility of the acute AVB rabbit model for the detection of drug-induced arrhythmias, we assessed the effects of two antiarrhythmics and two quinolone antibiotics, which were chosen as positive drugs (dofetilide and sparfloxacin) and negative drugs (amiodarone and moxifloxacin) for induction of TdP, based on previous investigations of effects of dofetilide (25 μg·kg À1 , i.v.),
or moxifloxacin (2 and 8 mg·kg À1 , i.v.) (Verduyn et al., 1999; Chiba et al., 2000; Thomsen et al., 2006b) in the canine proarrhythmia model with chronic AVB (Thomsen et al., Table 1 Effects of antiarrhythmic and antimicrobial drugs on the beat-to-beat variability of the ventricular repolarization in the acute AVB rabbit Dofetilide (μg·kg À1 ) Control 1 10 100 STV (ms) 1.9 ± 0.1 3.6 ± 0.8 3.4 ± 0.8 7.6 ± 3.9 LTV (ms) 1.6 ± 0. , mean BP (MBP) and atrial rate (three lower panels). The pre-drug control value (C) of QT interval, MAP 90 , MBP and atrial rate was 310 ± 23, 258 ± 20 ms, 42 ± 3 mmHg and 225 ± 6 beats min À1 , respectively. The QT interval and MAP 90 were significantly prolonged at the dose of 0.3 and 3 mg·kg À1 . The maximal changes in the MAP 90 at 0.03, 0.3 and 3 mg·kg À1 from pre-drug control value (C) were +21 ± 6, +93 ± 19, and +252 ± 34 ms, respectively. Data are presented as mean ± SEM. The filled symbols represent significant differences (P < 0.05) from each pre-drug control value (C). (C) Typical examples of effects of haloperidol on the Poincaré plots of the MAP 90 in the acute AVB rabbit. Thirty-one beats were plotted for each of the four analysis time points, before and after the administration of haloperidol (0.03, 0.3 and 3 mg·kg À1 ). TdP(+), TdP arrhythmias developed in the animal.
( Figures 3 and 4) . In contrast, neither amiodarone (0.3 to 10-mg·kg À1 ) nor moxifloxacin (3 and 30 mg·kg À1 ) induced TdP in this study (Figures 2 and 4) . These results suggest that the sensitivity of acute AVB rabbit model for detection of druginduced arrhythmias may be comparable with that of the canine chronic AVB model. The ideal model to identify unsafe (TdP-inducing) drugs is one that actually produces TdP arrhythmias at clinically relevant doses and does so with reproducibility and with high sensitivity and specificity. Thus, our rabbit model may have potential for understanding the relationships between clinical proarrhythmic events and observations in pre-clinical models.
In an earlier experiment using acute AVB dogs, no proarrhythmic action was detected after the administration of dofetilide (25 μg·kg À1 , i.v.) (Thomsen et al., 2007) .
More interestingly, the present study indicates that electrophysiological and anatomical remodelling following persistent bradycardia was not necessary for the onset of TdP in the rabbit heart, which contrasts with the canine heart (Vos et al., 1998; Sugiyama et al., 2002) . This observation is partly supported by previous in vitro studies that prolonging effects of a class III antiarrhythmic drug nifekalant on the APD in the isolated heart from normal rabbits were more marked than those in the isolated heart from chronic AVB block dogs (Nakaya et al., 1993; Takahara et al., 2007) . Electrical remodelling in the canine chronic AVB heart is closely associated with down-regulation of I Kr and I Ks , an up-regulation of the Na + -Ca 2+ exchange current and increased Ca 2+ release from the sarcoplasmic reticulum (Volders et al., 1999; Sipido et al., 2000) . Similar mechanisms may be involved in the rabbit heart except for effects on the Na + -Ca 2+ exchanger, as this exchanger did not contribute to dofetilide-induced TdP in the isolated rabbit heart (Lu et al., 2001b; Farkas et al., 2009) . Importantly, the volatile anaesthetic, isoflurane, used in this study has been reported to enhance Ca 2+ -induced Ca 2+ release (Akata et al., 2001) , which may itself increase intracellular Ca 2+ and thus prove a limitation in this model. Higher doses of isoflurane could be administered to assess whether or not the anaesthesia is affecting the results. As shown in Figure 5 and Table 1 , STV of ventricular repolarization period, a surrogate marker of TdP arrhythmias, markedly increased in rabbits receiving dofetilide and sparfloxacin. In a recent electrophysiological study using canine hypertrophied myocytes, changes in this marker were strongly dependent on Ca 2+ release from the sarcoplasmic reticulum through modulation of the L-type Ca 2+ current in a subsarcolemmal microdomain (Antoons et al., 2015) . Similar mechanisms might be involved in the acute AVB rabbit. As summarized in Table 3 , the STV may be suggested to be a good predictor of initial TdP at a non-torsadogenic dose, based on recalculated data obtained from TdP inducible and non-inducible rabbits. On the other hand, although the high dose of moxifloxacin did not induce TdP, the STV was Table 2 Effects of haloperidol on the beat-to-beat variability of the ventricular repolarization in the acute AVB rabbit
STV (ms) 2.2 ± 0.3 3.5 ± 0.8 2.9 ± 0.4 9.4 ± 3.1* LTV (ms) 1.9 ± 0.2 2.6 ± 0.5 3.5 ± 0.8 7.2 ± 2.2* MAP 90 (ms) 258 ± 20 282 ± 22 345 ± 32* 481 ± 42* Data are presented as mean ± SEM (n = 6). *P < 0.05, significantly different from corresponding pre-drug control. Table 3 Relationship between induction of TdP arrhythmias and effects on the beat-to-beat variability of the ventricular repolarization in the acute AVB rabbit , atrial rate and ventricular rate. The pre-methoxamine value (Pre) of the QT interval, QTc interval, MAP 90 , MBP and heart rate was 163 ± 8, 168 ± 7, 132 ± 7 ms, 52 ± 2 mmHg and 222 ± 8 beats min À1 , respectively, whereas 10 min after the start of administration of methoxamine, that is, the pre-dofetilide control value (C), were 175 ± 9, 162 ± 10, 146 ± 10 ms, 86 ± 5 mmHg and 169 ± 16 beats min À1 , respectively. The QT interval, QTc interval and MAP 90 were significantly prolonged at the dose of 10 and 100 μg·kg À1 . The maximal changes in the MAP 90 at 1, 10 and 100 μg·kg À1 from pre-dofetilide control value (C) were +31 ± 5, +151 ± 34 and +294 ± 31 ms, respectively. Data are presented as mean ± SEM.
The filled symbols represent significant differences (P < 0.05) from each pre-dofetilide control value (C). (C) Typical examples of effects of dofetilide on the Poincaré plots of the MAP 90 in the anaesthetized methoxamine-sensitized rabbit. Thirty-one beats were plotted for each of the five analysis time points; pre, control and after the administration of dofetilide (1, 10 and 100 μg·kg À1 ); TdP(+), TdP arrhythmias developed in the animal.
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Although the first established rabbit proarrhythmia model (methoxamine-sensitized rabbit) was widely used for screening of a range of drugs (Carlsson et al., 1992; Carlsson, 2008) , there is a limitation in assessing proarrhythmic effects of drugs having pharmacological interaction with α 1 -adrenoceptors. In this study, we assessed the effects of a typical antipsychotic drug haloperidol, which is known to inhibit α 1 -adrenoceptors (ED 50 = 0.41 mg·kg À1 ) and dopamine D 2 receptors (ED 50 = 0.14 mg·kg À1 ) (Schotte et al., 1996) . These are doses which are close to the middle dose we have used here (0.3mg·kg À1 ). As summarized in Figure 6 and Table 2 , haloperidol induced TdP accompanied with marked QT interval prolongation and increased STV, which was essentially in accordance with clinical experience (Hunt and Stern, 1995) . These results suggest that the acute AVB rabbit could be used for detection of TdP arrhythmias induced by drugs even with an affinity for α 1 -adrenoceptors, in contrast to the methoxamine-sensitized rabbit model. We further assessed the effects of dofetilide on the methoxamine-sensitized rabbit model to better understand the sensitivity of the acute AVB rabbit to drug-induced arrhythmia. In a recent study, the TdP incidence in the methoxamine-sensitized rabbit was dramatically influenced by anaesthesia (Varkevisser et al., 2015) . Based on this information, we used isoflurane as the anaesthetic for the methoxamine-sensitized rabbit model and compared the sensitivity of the rabbit heart to torsadogenic action of dofetilide between the two models. In this study, dofetilide induced TdP in four out of six animals with marked prolongation of MAP 90 in the methoxamine-sensitized rabbit model. However, the number of premature ventricular contractions with R on T phenomenon and TdP arrhythmias by dofetilide was less than those in the acute AVB rabbit ( Table 4 ), suggesting that the sensitivity to drug-induced TdP in the acute AVB rabbit is higher than that in the methoxamine-sensitized rabbit. Therefore, the AVB is a better procedure than the methoxamine administration to create a torsadogenic condition in the rabbit heart.
The novelty of this model derives from its ability to reproduce proarrhythmic drug effects and its quantitative comparison with the existing rabbit model. In this study, we confirmed that pharmacological inhibition of I Kr channels plays a key role in inducing R on T phenomenon and TdP arrhythmias in the in vivo rabbit bradycardic heart. However, further assessment of the acute AVB rabbit is needed to better understand the mechanistic insight into each of the positive and negative drugs tested in this study and the potential implications for pharmacological screening and clinical practice.
In conclusion, the acute AVB rabbit model as sensitive in detecting drug-induced arrhythmias, as the well-established canine chronic AVB model. Therefore, the unremodelled and bradycardic heart of the anaesthetized rabbit could be used to detect drug-induced TdP arrhythmias.
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This study was supported in part by JSPS KAKEN-HI (#15K08598). Table 4 Comparison of occurrence of ventricular arrhythmias in the acute AVB rabbit with that in the methoxamine-sensitized rabbit
Number of PVCs (R on T type) Number of episodes of TdP 1 10 100 1 10 100
Acute AVB rabbits 3 ± 2 93 ± 46 629 ± 343 0 ± 0 4 ± 2 24 ± 14
Methoxamine-sensitized rabbits 0 ± 0 27 ± 21 85 ± 74 0 ± 0 1 ± 1 0 ± 0 Severity of arrhythmia is expressed as numbers of the PVCs with R on T phenomenon and episodes of TdP during the observation period after the administration of dofetilide at 1, 10 and 100 μg·kg À1 . Significant differences were detected at the high dose. Data are presented as mean ± SEM from acute AVB rabbits (n = 6) and methoxamine-sensitized rabbits (n = 6). PVC, premature ventricular contraction. *P < 0.05, significantly different between the models. Table 5 Effects of dofetilide on the beat-to-beat variability of the ventricular repolarization in the anaesthetized methoxamine-sensitized rabbit Dofetilide (μg·kg À1 ) Pre Control 1 10 100
STV (ms) 0.5 ± 0.0 1.0 ± 0.3 0.9 ± 0.2 4.8 ± 1.7 6.8 ± 1.3* LTV (ms) 0.5 ± 0.1 0.8 ± 0.2 0.9 ± 0.2 2.8 ± 0.6* 5.5 ± 0.5* MAP 90 (ms) 132 ± 7 146 ± 10 175 ± 12 289 ± 43* 428 ± 35*
